Abstract We consider a dynamic multi-period framework of a Cournot duopoly and introduce a simultaneous hedging and a storage opportunity to allow players to manage risk before and after demand uncertainty is realized. Decision makers face a strategic dilemma: they must weigh the advantages of dealing with their risk exposure and the disadvantages of higher competition. Due to the storage opportunity, our multi-period setting differs from a repetition of the single-shot interaction. In equilibrium, firms consider the strategic impact of the hedging component, which increases competition. We provide supportive evidence of this theory in a laboratory experiment. Our experimental results suggest that the simultaneous hedging device significantly increases competition and negates duopoly profits.
Introduction
A large body of literature deals with corporate hedging decisions of the firm (e.g., Stulz, 1984; Smith and Stulz, 1985; Froot et al., 1993; Leland, 1998; Mello and Parsons, 2000) . Managing risks can reduce expected bankruptcy costs, agency costs, information asymmetries, or expected taxes and thus increase shareholder value (e.g., Froot et al., 1993; Carter et al., 2006; Bolton et al., 2011; Campello et al., 2011; Mackay and Moeller, 2007; Chen and King, 2014) . 1 Yet, in empirical studies, we often observe discrepancies between theoretically optimal strategies and corporate risk management practice (e.g., Tufano, 1996; Graham and Smith, 1999; Haushalter, 2000; Graham and Rogers, 2002) . While many traditional studies propagate the full hedge on unbiased forward markets (e.g., Holthausen, 1979; Broll et al., 1995 Broll et al., , 2001 Broll and Wong, 2013) , many empirical studies document hedge ratios significantly smaller than one (underhedge) (e.g., Tufano, 1996; Haushalter, 2000; Brown et al., 2006; Jin and Jorion, 2006; Carter et al., 2006; Adam et al., 2015) .
In reality, hedging in markets with imperfect competition is the norm in the profession. Theoretically, the literature provides a rationale for underhedging in imperfectly competitive markets, as in Allaz (1992) ; Allaz and Vila (1993) or Broll et al. (2009 Broll et al. ( , 2011 . 2 In such a setting, hedgers must account for the fact that corporate hedging has an impact on market competition, and consequently they may decide to hedge less to avoid lowering their profits (Le Coq and Orzen, 2006; Brandts et al., 2008; Ferreira et al., 2009; van Eijkel and Moraga-Gonzalez, 2010; Leautier and Rochet, 2014) .
It is clear that hedgers face a strategic dilemma in which they must weigh the benefits of hedging their risk against the adverse effects of an increase in market competition. In this paper, our main objective is to examine to what extent these strategic considerations explain underhedging behavior in a simultaneous hedging setting. We first develop a theoretical model to examine the effects of simultaneous hedging on decision makers in imperfectly competitive markets. Second, we test the predictions of the model in a laboratory experiment.
We use a simple duopoly model à la Allaz (1992) and Allaz and Vila (1993) in a modified, more general, and simultaneous setting with repeated interaction to examine how hedging affects market 1 equilibrium. Furthermore, we test the predictions of this model in a laboratory experiment. The experimental setting allows us to evaluate how decision makers react to the strategic dilemma in a setting where decision makers do not have market beliefs that influence the decision. In our model, we first allow firms to engage on a forward market to manage their risk exposure toward demand uncertainty ex ante. Secondly, we allow firms the opportunity for storage and thus provide them the possibility of reacting to low demand realizations ex post. This feature also allows us to introduce real dynamics into the multi-period model. Hence, our model is not simply a repetition of the single-shot game. We restrict ourselves to the Cournot setting, as Kreps and Scheinkman (1983) argue that in an oligopoly under mild assumptions about demand, the unique equilibrium outcome is the Cournot outcome. 3 We also restrict ourselves to the duopoly setting to simplify the analysis and reduce the complexity for the participants of our experiment. However, from a mathematical standpoint, this restriction does not alter the main results. We analyze two settings which differ with respect to the ability of firms to adapt their real market (production) decisions.
Our paper significantly differs from the existing literature. Previous literature is restricted to a single shot interaction of players on the output market. For example, the papers by Broll et al. (2009) and Broll et al. (2011) consider a duopoly under exchange rate risk and provide theoretical evidence for the strategic influence of the hedging opportunity in a sequential setting, but their papers are restricted to a setting in which the participants of the duopoly interact only once on the output market. Equally, the experimental studies by Le Coq and Orzen (2006) and Ferreira et al. (2009) analyze similar settings. Hence, decision makers only consider short term utility. Any impact of their decisions on the future is ignored. In reality however, businesses usually interact more than once on the same output market. Similarly, the study by Brandts et al. (2008) exclusively focuses on the strategic impact of the hedging device and abstract from risk management considerations as their setting does not incorporate risk. In contrast, in our setting, players can utilize the risk management purpose of the hedging device and thus face the dilemma between hedging their risk exposure and maintaining high market prices. Finally, van Eijkel and Moraga-Gonzalez (2010) provide an empirical study on the Dutch wholesale market for natural gas. Yet, they are not able to separate the market views of managers from strategic applications of the hedging device while our laboratory setting allows us to implement the desired variations with a high degree of control.
Our theoretical model highlights the strategic impact of the risk management decision in equilibrium. In our experiment, we provide strong evidence that subjects tend to take the adverse effects of their own financial decisions on market equilibrium into consideration. However, we do not find any evidence that decision makers consider the financial decisions of their competitors -which are common knowledge -in subsequent decisions. More specifically, we are able to provide evidence that underpins our theoretical findings: Subjects consider the strategic impact of the hedging decision and refrain from completely hedging their risk. Moreover, as the game is more similar to a simple repetition of the single-shot game in our second setting, subjects level of supply prevents duopoly profits, on average. To summarize, our results suggest that even in a simultaneous setting forward market hedging creates a strategic dilemma for producing firms and significantly increases competition.
The remainder of the paper is organized as follows. Sections 2 and 3 introduce the two different theoretical frameworks of a multi-period Cournot duopoly with uncertain demand which serve as the basis for the analysis. Detailed mathematical derivations and comparative static analyses can be found in the appendix, Section A. Section 4 discusses the setup of our laboratory experiment, and Section 5 presents the experimental results. The final section concludes.
The basic dynamic model
Our basic model considers a setting with three dates, t = 0, t = 1 and t = 2. Two firms are producing a homogeneous good, q i ≥ 0, i = i, j. There is no possibility for another competitor to enter the market, as the product requires a high level of technological knowledge. In this regard, the model is basic Cournot.
In t = 0 the decision maker can visibly specify his output. The production takes place between t = 0 and t = 1. Production gives rise to costs, c i q i , i = i, j in t = 1. Additionally, production capacity is limited. In t = 1 and t = 2 firms have the opportunity to sell their production on the same market. However, we assume that firms are only able to produce the product in t = 0 due to technical issues. Hence, they have to distribute their production between periods. From a different perspective, this allows firms to react to bad price realizations in t = 1 due to low demand and store their production (or parts of their production) to sell at t = 2. The price at time t is determined by the inverse demand function,p t =p t (Q t ) =ε t M − bQ t , with Q t = i q i t = q i t + q j t , whereε t expresses the uncertainty of the saturation of demand. 4 The probability distribution ofε t is common knowledge withε t ∈ R + , E 0 [ε t ] = 1 ∀t and E 1 [ε 2 | ε 1 ] = ε 1 .
As mentioned above, firms have the opportunity to keep inventory. In t = 1, with knowledge of the actual saturation of demand for this period, firms make their sales and thus also their storage decision. Sales and inventory have to add up to the production amount. The setting allows decision makers to react to unfavorable demand realizations. Firms are not obliged to sell their entire production at an unfavorable price or can sell more than initially intended if demand is surprisingly high.
In addition, firms are able to manage their exposure to price risk via an unbiased forward market. Jointly with the production decision, producers can choose their binding hedging decision h i .
Forward contracts have a maturity of one period. Since in reality forward contracts also have limited maturities we do not include contracts with a maturity of two periods or longer in our model.
Hence, firms can purchase or sell forward contracts on the good they produce at time t = 0 with maturity in t = 1 and at t = 1 with maturity at t = 2. The forward price is the result of expected demand and supply as well as expected (equilibrium) decisions of the duopolist. Most forward market participants act rationally and have perfect knowledge. As a result, they are aware of the optimal decisions of the duopoly and act accordingly. 5
denotes the (anticipated) equilibrium choices of producing firms (see Equation (8)) for a given subgame-path. The forward rate for second-period contracts is not known at time t = 0. At this time, only the probability distribution of the forward rate is known. The forward rate relates to the spot rate and both rates are subject to the same sources of uncertainty, the demand uncertainty, as market participants update their expectations regarding the demand for the second period once they learn the demand for the initial period. 6 Hence, we will assume that the stochastic forward rate for the second period and the spot rate are subject to the same random variable,ε 1 . As a result, the forward price for the second period fulfills
where. denotes the expected equilibrium value and. realized choices from previous interactions.
Note that the forward price again depends on demand and supply. Market participants have knowledge about the amount produced by the firms, and the clearing of the forward market is closely connected to the clearing of the spot market in t = 1. As spot and forward market are equally sensitive against changes in supply by producing firms, we can simplify notation whenever the forward price is not yet fixed. In these cases, we denoteM
In t = 1 the demand uncertainty for the first period is resolved and becomes common knowledge.
Using this knowledge firms choose their supply for the spot market, that is the amount that is to be sold immediately. The remainder of the production will be stored and sold in t = 2 at the then given price or at a fixed forward rate using forward contracts for the second period. Warehouse charges are k i per unit. Illustration 1 visualizes the timing of the decisions.
At this point, we do not allow firms to enter production at time t = 1. Hence, firms cannot produce additional goods for the second period. Possible justifications for this limitation include the exclusive possibility to produce large lot sizes, high setup costs, or seasonal limitations in production.
In t = 1 the production and initial forward decisions have already been made. As they are common knowledge they have to be taken into account when choosing the supply. Therefore, the applied equilibrium concept is the subgame-perfect Nash equilibrium from Selten (1965) . The strategy choice consists of the optimal production and hedging decisions as well as strategy sets for the supply that constitute a Cournot-Nash equilibrium for every possible production and forward decision. With the explained scheme the profits of firm i at times t = 1 and t = 2 are given bỹ
. That is, the supply in t = 1 is a function of decisions made in the previous stage. Additionally,
Firms maximize (µ, σ)-preferences. Here, µ = E[π i ] denotes the expected value and σ 2 = var(π i ) the variance of the stochastic profit of firm i. We rely on the (µ, σ)-approach as it provides a simple access to complex problems and consequently a cost-efficient access to information. Moreover, the (µ, σ)-approach allows us to separate risk and time preferences. 7 Thus, the decision rule of firm i, i = i, j, is given by
The temporal preferences of the decision makers are represented by the parameter δ i , whereas α i denotes the degree of risk aversion of firm i. 8 Note, that α i ≡ 0 denotes the special case of risk neutrality (and hence also the situation under certainty). We assume that all parameters are common knowledge.
In a subgame-perfect Nash equilibrium, the optimal supply decision in t = 1 fulfills 9
Hence, for the optimal decision, marginal revenues which are realized in t = 1 equal marginal revenues realized in t = 2, adjusted for costs resulting from the shift of sales (costs for storage). Results
show that firms choose their offer such that marginal revenues from the first period correspond to marginal revenues of the second period, corrected for costs and risk premium. Decision makers seek to smooth their profits. Moreover, the decision reflects the strategic impact of the hedging decision.
As the forward price is fixed and no longer subject to the quantity offered, the decision maker is less sensitive towards price changes due to additional supply. Hence, with a larger forward position the decision maker also increases supply in t = 1.
Moreover, the forward market decision for the second period does not directly influence the sales decision in t = 1. However, the existence of a forward market enables firms to separate their sales decision in t = 1 from their risk preferences. Obviously, the degree of risk aversion and the expectations about the uncertainty of demand for the second period are not considered for the optimal sales decision. Nonetheless, the decision makers take their time preferences into account making their decisions. Hence, the optimal amount of sales cannot be entirely separated from the preferences of the decision maker. To account for this fact, we introduce the weak separation property: 10 The sales decision can be made independently of the degree of risk aversion and the 8 The preference function describes risk-averse behavior as long as utility increases in expected profits and decreases in risk and marginal utility in expected profits does not increase (
∂Φ ∂σ < 0, and
∂µ 2 ≤ 0). 9 A more detailed derivation of the results can be found in the Appendix, Section A. 10 In comparison, the separation property states that decisions can be made independently of the decision maker's preferences and expectations, so that the decision is subject only to market data.
expectations of the decision maker. However, the decision maker takes time preferences into account.
Note again, that the sales decision critically hinges on the agreed forward market position. In that regard, our paper underlines the results of Allaz (1992) and Allaz and Vila (1993) : Hedging increases competition. The decision maker increases his supply on the spot market with his own forward position and decreases his supply on the spot market with his competitors forward position.
Moreover, the magnitude of the adaption is smaller than one. Thus, for each additional forward contract, the spot position increases by less than one good.
Turning to the hedging decision, we can derive Hypothesis 1 (Hedging choice in the second period). The producers will sell the entire production that is taken into storage on a forward market if the forward market is unbiased. As a consequence, the profit that firms realize in t = 2 becomes deterministic in t = 1.
In t = 0, for initial decisions, decision makers cannot separate their production and their risk management decisions (see Equations (15) and (16) Firms have to make their decisions without the possibility to fully lock in their profits. Even though firms have the opportunity to purchase forward contracts for their entire planning horizon, they cannot purchase long term protection. Instead, they can lock in their profits at t = 1 the earliest. Choosing a full hedge in t = 1 induces deterministic profits in t = 2. Hence, even if 8 firms choose to select the full hedge in t = 1 and a hedge of the size of their entire production in t = 0, they are still exposed to a basis risk at the time of the roll-over. Popular examples show that these roll-over risks can cause significant problems (see, e.g., Culp and Miller, 1999 , for the case of Metallgesellschaft). In the context of a roll-over, the market development of the forward market is of major importance. If the forward market price decreases, the hedger is able to realize a profit at the time of the roll-over. However, if the forward market price increases, additional costs occur to adjust the hedging position. Thus, firms are exposed to the roll-over risk and additionally do not completely hedge their intended sales or even production due to the strategic impact of their hedging decision. Firms are exposed to a significant amount of risk which will reduce their production.
At this point, we want to discuss issues of moral hazard on the forward market introduced by the possible exploitation of other forward market participants by the duopolists. Similar to the monopoly discussed by Muermann and Shore (2006) , producers have incentives to use their spot market power to exploit forward market makers. Consider the following scenario: At time t = 0 the producer decides on the hedging quantity simultaneous with the production quantity. Taking the hedging decisions of the producers and expected future demand into account, a forward market price is set. However, clearance at the spot market is subject to the spot sales decision of the producer. High spot sales decisions ruin spot market prices and decrease revenues from spot sales for the producers. Yet, at the same time, the producer makes additional profits from his forward position at cost of the market maker. Note, that the clearance price at the forward market according to Equation 1 takes this moral hazard issue and optimal spot sales decisions of producers in t = 1 into account.
Also note that the setup of our multi-period model allows us to observe two distinct decision problems: At time t = 0, decision makers' hedging choices affect competition and market prices while decision makers' hedging choices at t = 1 have no implications on competition and can be made exclusively under risk management considerations.
9
3 The model with adjustable production decisions Section 2 introduced a dynamic two period duopoly setting with demand uncertainty. Decision makers have the opportunity to react to low demand realizations by storing their good and sell at a later time. However, firms are only able to produce once. Hence, repeated interaction occurs, but is limited. To allow firms complete repeated interaction, we now additionally introduce the opportunity to adjust the production decision in t = 1. Thus, firms are able to adjust all of their decision variables in t = 1.
As a result, the new decision sequence takes the following form: In t = 0 firms set their production for the first period as well as their forward position. Production takes place between periods. In t = 1 demand uncertainty for the first period is resolved. Firms choose the supply at t = 1. Excess production is taken into storage. Also, the forward position from the first period is closed. In t = 1 firms set their production for the second period and their forward position with maturity at t = 2.
Future demand is still uncertain at this point. Again, production takes place between periods. At the final date, firms sell their additional production and everything from storage. Figure 2 visualizes the setup of the model. Consequently, profit of firm i at t = 2 is given bỹ
while the first period profit remains unchanged,
The inverse demand function at time t is still given byp t (Q t ) =ε t M − bQ t , where Q t denotes the industry supply at time t. In our model, we have
respectively.
The forward prices are determined by (expected) demand and (anticipated) supply. Figure 2 : Timing of decision making with adjustable production decisions price for the first period is given by
and for the second period by
The forward prices are determined under consideration of equilibrium strategies in t = 1,ŝ i =
. Equilibrium strategies are given by Equations (22) and (23) in the Appendix.
To solve the model, we again rely on the concept of Selten (1965) of a subgame-perfect Nash equilib-rium. For time t = 1 decisions, the firm chooses its second period production under consideration of the amount in stock so that marginal costs equal marginal revenues. The decision can be separated from the degree of risk aversion and the expectations.
The amount in stock immediately relates to the amount to be sold on the spot market in t = 1:
The firm chooses the amount to be sold on the spot market in t = 1 to smooth its profits: realized marginal revenues from period one equal marginal revenues from the second period, corrected for storage costs and adjusted with respect to the risk management decision taken in t = 0:
This also equals marginal costs for the second period. The decision is independent of the degree of risk aversion of the firm. However, time preferences have to be taken into account. Note that Equation (4) is equivalent to Equation (2) from the basic dynamic model in Section 2. Both, marginal revenues from the first period as well as marginal revenues from the second period are deterministic or can be made deterministic, respectively. The former, because uncertain demand is realized and the latter because the firm can sell everything on a forward market with a deterministic forward rate. Determining the quantity of sales and the additional quantity of production takes place simultaneously with the decision process equaling the one under certainty. The optimal forward position in t = 1 can be determined in accordance with the full hedge theorem:
Hypothesis 3 (Hedging choice in the second period). Given an unbiased forward market, the firm sells its entire stock and additional production forward in t = 1. The firm chooses a full hedge:
As a result, profits in t = 2 are deterministic with
The competition for both periods takes place at the same time and follows the basic rules known from 12 Cournot duopoly. If the competitor increases its supply by one unit, the firm reacts by decreasing its own supply by 1 2 . The equilibrium corresponds to the equilibrium from the one-shot Cournot duopoly under certainty.
Let us discuss the considerations of the decision makers. While reaction functions and production quantity in the single shot game establish a relation between the forward rate (or the price under certainty) and the production costs, R i (q j ) = M f −bq j −c i 2b
, they now correspond to the realized spot rate instead of the forward rate and the costs of additional production and storage to determine the supply. Already accrued production costs are sunk costs and thus not relevant for future decisions. Instead, only the (at this time) deterministic marginal revenues of both periods are relevant. The ability to take the realized spot price into account crucially depends on the ability to store the good. Due to the storage option, the produced quantity and the supplied quantity may differ. Thus, the decision for the supply on the spot market can be made when the spot price is known. Obviously, this is not possible without the possibility to store the production good. The relation between production costs (and interest payments) and costs for storage reflects the advantageousness of storage towards renewed production for the next period.
The amount of additional production (Equation (23) in the Appendix) reflects the quantity known from the single shot game corrected for stored goods. We obtain the well known example from game theory: in a repeated game the result of the final interaction corresponds to the result of the single shot game (see, e.g., Vives, 1999).
In essence, the main difference to the model from Section 2 is the following: Setting the sales quantity occurs independently of prior production. Obviously, at most the maximum sales quantity is determined by the maximum of prior production, but interior solutions do not react to an increased production. Moreover, the simultaneous competition essentially converts the game to a repeated single shot game under certainty.
Turning to the influence of the hedging decision on sales, we find that hedging increases competition similar to our baseline model. As firms increase their hedging position, the supply on the spot market increases, which leads to decreasing spot prices. Firms react less sensitively toward decreasing spot prices, as they have already locked in some of their profits. Smaller profits on the spot market are compensated by higher profits from the forward market. Note however, that in our model setup, 13 other forward market participants anticipate this behavior by the duopolists. Forward market participants are aware of the spot market power by producers and act accordingly. Nonetheless, competition on the spot market increases.
Although the main decisions in t = 1 remain unchanged (The firm smooths its profits over time depending on its time preferences and storage costs), the firm now is able to adjust marginal revenues for the second period to marginal costs for the second period due to the ability to adjust production.
This significantly increases competition, as second period interaction in essence takes place under certainty. To summarize, we expect:
Hypothesis 4 (Spot sales decision with adjustable production). Spot sales decisions in the adjustable production setting will be significantly larger than in the basic dynamic model.
Turning to the decision process in t = 0, the firm may use the option to take storage to be able to react to possible deviations from the expected price with excess production. More specific, the firm could produce more in order to be able to increase sales at t = 1 if demand is higher than expected.
However, implications concerning the production of the competitor have to be taken into account.
Additionally, decision makers have to consider the strategic impact of their risk management choice on competition as hedging increases the competitiveness on the spot sales market. Solving the firm's optimization problem, we show that the firm cannot separate real and financial decisions.
If production in the first period and consecutive storage is cheaper than production in the second period the firm initially chooses a production above the intended amount of sales. The level of adaptation of production depends on the risk and the degree of risk aversion of the decision maker.
Otherwise, the firm chooses its production according to its intended sales. Intended sales are set in an effort to equate marginal revenue an marginal costs as the following decision in t = 1 essentially takes place under certainty. The firm is not exposed to any long term risk, as it intends to sell its entire production at t = 1. Moreover, the firm is able to hedge first period risk using forward contracts. Consequently, production will be significantly higher than in a standard duopoly setting.
Finally, firms use the option to take storage only in a strategic way to react to increases in production costs but not to be able to react to high demand realizations. However, ex post excess production can happen: if the realization of demand is not as expected but below the expected amount, firms react by taking production in store and decrease their supply.
Turning to the initial hedging decision, the strategic impact of the hedging component on competition in t = 1 again comes into play. Increasing the hedging position will increase competition on the output market. The expected industry supply increases with every additional forward contract which ultimately decreases profits. Firms engage in competition via their risk management decision and consequently take the strategic impact of their hedging decision into account. The optimal hedging choice equals expected spot sales corrected for the impact on competition. The magnitude of correction depends on the risk aversion and the price risk. To summarize:
Hypothesis 5 (Hedging choice in the first period). In t = 0, decision makers will choose an underhedge.
Hence, forward markets increase competition on oligopolistic markets in two ways: First, the decision maker is able to deal with uncertainty via forward markets which in itself increases the industry supply. The industry supply equals the industry supply under certainty. Secondly, the strategic impact and the fact that forward prices do not react to increased supply in t = 1 increases competition even further.
Experimental Design
The experiment was programmed and conducted using z-Tree software (Fischbacher, 2007) at Durham University in Autumn 2015. Eight sessions were conducted in total, each with an even number of subjects between 10 and 16, for a total of 100 subjects. On average, subjects earned approximately £14 each. Each session lasted approximately 1 hour 45 minutes, on average.
There were two treatments, A and B, varied between subjects, with four sessions each. Treatment A is based on the basic dynamic model without adjustable production decisions, presented in Section 2, while Treatment B is based on the model with adjustable production decisions, presented in Section 3. In both treatments, we used parameters M = 1, b = 1, c 1 = c 2 = 1, k 1 = k 2 = 0.25. The initial random demand state 1 was drawn from {40, 60} with equal probability. The subsequent random demand state 2 was drawn with equal probability from {50, 70} conditional on high initial demand state, or from {30, 50} conditional on low initial demand state.
Full experiment instructions for both treatments are included in the Appendix. In both treatments, subjects were randomly and anonymously matched into pairs of two at the start of each of 20 round (strangers matching). 11 At the end of the experiment, 2 of these 20 rounds were randomly selected for payment.
Each round in Treatment A was divided into 3 stages. In the first stage, each subject choose a production quantity and a forward market position. Since the game is complex, we provided a projection calculator tool to help subjects understanding of the game structure and incentives. 12
Projections of the calculator tool were based on own production and hedging choices of subjects and on guesses which subjects made about the same decision variables chosen by the other player. Based on these choices and guesses, subjects were shown projections of expected prices and profits and standard deviations of expected profits. Subjects could adjust their choices and guesses using sliders to see how projected prices, profits, and standard deviations changed before finalizing their choices.
In the second stage, each subject learned the outcome of the first stage, and then chose spot market sales and another forward market position, and again made guesses about the decision variables of the other player. Again, projections and expected prices, profits, and standard deviations were shown to subjects, and subjects could change their choices and guesses to see how projections changed before making a final choice. In the third stage, subjects learned the final outcome of the round.
Each round in Treatment B was also divided into 3 stages similar to those in Treatment A. However, in the second stage of Treatment B, subjects chose a further production quantity in addition to spot market sales and a forward market position, and made guesses about these three decision variables for the other player. As in Treatment A, subjects were shown projections of expected prices, profits, and standard deviations based on their choices and guesses about the other player in the first and second stages, with projections updating with changes in these decision and guess variables before choices were finalized.
At the end of the experiment, subjects' risk preferences were elicited using a lottery choice procedure from Holt and Laury (2002) . Subjects also answered a brief demographic survey. Details of both tasks are included in the Appendix.
Experimental Results
We test the predictions from the baseline model, Model A, and the ones from the second model with adjustable production decisions, Model B. We use the data from the experiment we conducted to examine the effect of adjustable production and whether subjects use hedging strategically.
Additionally, we test whether they use storage opportunity to smooth revenues over time. We run a number of paired t-tests on sales, hedging and production decisions in low and high demand states.
Then, we use a panel model to regress the variable of interest (spot sales, first period hedging, second period hedging) on variables that should matter based on the theory, e.g. risk aversion, additional production indicator and demand state. We provide results on the data collected from the 20 rounds, and results on only the data collected from the last five rounds when subjects have gained some experience.
In Table 1 , we present ex ante expected equilibrium choices using our experimental parameters and the average risk aversion elicited using the Holt and Laury (2002) lottery choice procedure.
Equilibrium choices within the experiment can differ from reported values due to the influence of the random demand variable and the subgame path of the current game. The equilibrium values emphasize our hypothesis: In both models we observe the expected underhedge in the first period (hedging1) and the full hedge in the second period (hedging2). We observe the impact of the hedging device on competition when comparing first and second period supply in the double production setting. Moreover, the adjustable production significantly increases competition as the game essentially becomes a repeated single shot game under certainty.
There are differences between the models and the experimental design that might generate behavior inconsistent with the predictions. The models include one round in each period while the experiment includes 20 rounds. However, we believe that we can interpret results that are qualitatively similar to our equilibrium predictions as generalizable support for the hypotheses identified in the models.
A more important difference between the models and the experiment is that the models assume that decision makers engage in strategic behavior. The experiment imposes no such restriction on Table 1 : Expected equilibrium values We compute expected equilibrium values in t = 0 using the parameters employed for the experiment and the average risk aversion of our participants elicited using a lottery choice procedure from Holt and Laury (2002) . The median number of "safe" choices is six which is consistent with α ≈ .15. We set the time preference parameter equal to one as subjects are paid at the end of the experiment independently of the timing of their profits in the game. The table shows the following variables: "quantity" is the quantity produced in the first period, "quantity2" is the quantity produced in the second period, "spot sales" is the quantity of sales, "hedging1" and "hedging2" are the quantities hedged in the first period and in the second period, respectively. We present equilibrium values for single production and for double production separately. In addition, we present equilibrium choices for the single production model under risk neutrality/certainty.
Single production Double production (α = 0.15) (α = 0) (α = 0.15) there is consistency in their decisions independent of these characteristics.
Summary statistics are reported in Table 2 . We take data for each player and each round, and then take the averages across players for single production and for the double production separately. We present also results across the 20 rounds and then across the last 5 rounds. We summarize here the results for the 20 rounds. For Model A, the average quantity produced (in the first period) is suggesting that there is consistency in players' decisions. Table 2 : Summary Statistics We compute the averages over players and rounds of the following variables: "quantity" is the quantity produced in the first period, "quantity2" is the quantity produced in the second period, "spot sales" is the quantity of sales, "hedging1" and "hedging2" are the quantities hedged in the first period and in the second period respectively. We present summary statistics for single production and for double production separately. Standard deviations are reported in parentheses.
Single production Double production (20 rounds) (Last 5 rounds) (20 rounds to take the roll-over risk associated with the hedging choice into account. Rather, subjects seem to engage in production as if this roll-over risk does not exist. Double production averages are in the neighborhood of expected equilibrium choices (especially for quantity).
According to Equation (2), subjects set their spot sales to smooth profits over periods. This reflects the risk-mitigating impact of hedging decision, as subjects should be less sensitive to price changes given that the forward price is fixed. To test this prediction, we compute the marginal revenues set by subjects in both periods. Theory would predict that players make sure that marginal revenues of the first period equals to marginal revenues of the second period, adjusted for storage costs. To reduce the likelihood that subjects are unfamiliar with the strategic forces they face, we provide results as well on data collected in the last five rounds. We cannot reject the null hypothesis that marginal revenues are equal in both periods in high demand realizations. However, when demand is low, subjects choose to sell in a way that marginal revenue of the first period is significantly larger than marginal revenue of the second period. The explanation is that production was too high for the low state demand. Therefore, subjects set the first period marginal revenue to zero, which we cannot reject from one tailed t-test (p = 0.9827), and then sell the remaining quantity in the second period at (possibly) negative marginal revenue.
Results from regressing spot sales on theoretically important variables are reported in Table 3 . We regress spot sales on players' own quantity produced and own hedging in the first period as well as on quantity produced and hedging of their competitors. The "double production" variable is a dummy equal to 0 for single production (Model A) and equal to 1 for double production (Model B); "safechoices" is the number (from 0 to 10) of choices in the risk task where the subject chose the less risky option; the "highstate" variable is a dummy equal to 1 if high demand realization occurs and 0 otherwise. We add two demographic variables: 13 (1) the "Gender" dummy is equal to 1 if the player is a male and 0 otherwise; (2) the "Major" dummy is equal to 1 if the player's 13 53% of players were in finance and economics and 32% of players were male.
field of study is Finance, Accounting or Economics and 0 otherwise. According to theory, sales decisions should be significantly larger for the double production case. The positive dummy variables "double production" provides supporting evidence for this hypothesis (Hypothesis 4). Moreover, sales decision should be independent of degree of risk aversion. The existence of a forward market allows players to separate between their sales decision in the first period and their risk preferences.
Consistent with this prediction, "safechoices" is not significantly correlated with spot sales, in either model. To examine whether players consider financial risk management decisions when making sales decisions, i.e., whether the hedging choice has strategic impact on the sales decision, we examine whether spot sales increase with players own hedging and decreases with their opponent's hedging.
The own first period hedging is significantly different from zero but only in the single production model. According to theory, the coefficient on own hedging of the first period should be + Table 3 suggest that the coefficients are positive but not significantly different from zero, for the two models.
According to our Hypothesis 1 and 3, subjects should employ a full hedge in the second period to ensure deterministic profits in the final stage. To test this prediction, we examine the statistical significance of the difference between the second period hedging and the quantity available to sell in Period 2, that is the final stage. Results on the full sample suggest that there is an under hedge, as the difference is statistically negative. By considering the last five rounds however, results suggest that we cannot reject the null hypothesis: subjects tend to hedge fully for Model A (p-value is 0.1039 for double production=0) but we reject the null hypothesis for Model B (underhedge). We regress the second period hedging on variables that should matter according to theory. We expect to find that second period hedging increases with quantities produced in the first period for the Model A-group and in both periods in the Model B-group, and decreases with the state of demand.
In the latter, we expect that players would sell more when high state of demand occurs. Finally, we expect the second period hedging decision to be independent of risk aversion of players. Results reported in Table 4 suggest that own hedging in the second period indeed increases significantly with the quantities produced in the two periods, decreases significantly with the states of demand, Table 3 : Spot Sales Tobit regressions Models 1-3 report results on data from all 20 rounds, whereas models 4-6 report results on only data of the last five rounds. Models 1 and 4 combine data on Models A and B, while Models 2 and 5 are restricted to Model A, and Models 3 and 6 are restricted to Model B. The "double production" variable is a dummy equals to 0 for single production and to 1 for double production; "safechoices" is the number (from 0 to 10) of choices in the risk task where the subject chose the less risky option; "highstate" variable is a dummy equals to 1 if high demand realization occurs and 0 otherwise. We add two demographic variables: (1) "gender" dummy is equal to 1 if the player is a male and 0 otherwise; (2) "major" dummy is equal to 1 if the player field of study is Finance, Accounting or Economics and 0 otherwise. Standard errors clustered by subject in parentheses * p < 0.05, * * p < 0.01, * * * p < 0.001 Table 4 : Second period Hedging Tobit regressions Models 1-3 report results on data from all 20 rounds, whereas models 4-6 report results on only data of the last five rounds. Models 1 and 4 combine data on Models A and B, while Models 2 and 5 are restricted to Model A, and Models 3 and 6 are restricted to Model B. The "double production" variable is a dummy equals to 0 for single production and to 1 for double production; "safechoices" is the number (from 0 to 10) of choices in the risk task where the subject chose the less risky option; "highstate" variable is a dummy equals to 1 if high demand realization occurs and 0 otherwise. We add two demographic variables: (1) "gender" dummy is equal to 1 if the player is a male and 0 otherwise; (2) "major" dummy is equal to 1 if the player field of study is Finance, Accounting or Economics and 0 otherwise. and is independent of the risk aversion of subjects as expected.
When deciding own hedging in the first period, subjects should take into account the impact of their decision on prices. An increase of first period hedging will increase competition on the market and thus decrease profits. Therefore, subjects would be more likely to make their hedging decision by taking into account its impact on competition and refrain from completely hedging their risk exposure. According to Hypothesis 2 and 5, the initial hedging decision should therefore be an underhedge. This means that we should observe an initial hedging decision smaller than expected sales. Results from t-tests provide strong supportive evidence to this prediction (t-statistics range between approximately −7 and −15 for the two models and by controlling for the last five rounds).
We observe a significant underhedge, suggesting that players do take into account the strategic impact of their first period hedging decision. Our results suggest that the extent of the underhedge decreases with experience as the difference for the final five rounds is smaller than for the entire experiment. Comparing actual sales with the initial hedging decisions reveals that subjects choose a supply that yields an ex-post full hedge for the double production case. Subjects set spot sales equal to hedging1 (p-value ranges between 0.221 and 0.985 for the two models and by controlling for demand realizations), and significantly lower than quantity for both demand realizations. This indicates that subjects deviate from the ex-ante equilibrium strategy and only sell that part of their production with fixed (forward) prices. For the single production setting, the difference between first period own hedging and realized spot sales is significantly negative (ex-post underhedge) and more pronounced when high demand realizations occurs.
We regress the own first period hedging on variables that matter according to theory, namely quantity produced in the first period, and risk aversion. We also control for some demographic variables. We expect to find first period hedging to increase with quantity. Note that this is consistent with the hypothesis that players under-hedge. Results reported in Table 5 suggest that own hedging in the first period is significantly correlated to quantity only in the two models restricted to Model A. Moreover, own hedging in the first period is not correlated to the risk aversion coefficients, even when considering the last five rounds. Finally, and similar to the second period hedging choice, we observe a tendency of males to hedge less than females, though not always statistically significant. Table 5 : First period Hedging Tobit regressions Models 1-3 report results on data from all 20 rounds, whereas models 4-6 report results on only data of the last five rounds. Models 1 and 4 combine data on Models A and B, while Models 2 and 5 are restricted to Model A, and Models 3 and 6 are restricted to Model B. The "double production" variable is a dummy equals to 0 for single production and to 1 for double production; "safechoices" is the number (from 0 to 10) of choices in the risk task where the subject chose the less risky option. We add two demographic variables: (1) "gender" dummy is equal to 1 if the player is a male and 0 otherwise; (2) "major" dummy is equal to 1 if the player field of study is Finance, Accounting or Economics and 0 otherwise. Standard errors clustered by subject in parentheses * p < 0.05, * * p < 0.01, * * * p < 0.001
To summarize, our experimental results present evidence that subjects are aware of the strategic impact of the hedging device. However, we do not find evidence that subjects take their competitors' financial decisions into account when setting their supply. Moreover, in the double production case we provide strong evidence that the hedging device significantly increases competition even in a simultaneous setting. We find that in this setting doupoly profits vanish due to high supply. These results supplement the findings by Brandts et al. (2008) who document that, in absence of risk and a strategic dilemma, the introduction of a forward market significantly increases competition on the market. Moreover, our results are related to the observations of Mueller (2006) who finds that players in a Cournot duopoly with multiple production periods do not act significantly different from the standard one-period markets which contradicts theoretical predictions. In Model B of our study, first period choices are significantly larger than in the one-period interaction due to the strategic impact of the hedging device. Finally, we find weak evidence that subjects use storage opportunity to smooth profits over time.
Conclusion
In this paper, we theoretically and experimentally investigate the influence of a simultaneous hedging device on firm choices and competition in incomplete markets. In markets with imperfect competition, the risk management device introduces a strategic dilemma for competitors. On the one hand, corporate hedging has adverse effects on the competitiveness on the market (Allaz, 1992; Allaz and Vila, 1993) . On the other hand, the hedging device allows producers to deal with their risk exposure. Consequently, firms must weigh the advantages of being able to hedge their risk exposure against the disadvantages of higher competition.
We considered a multi-period duopoly under demand uncertainty with a hedging opportunity and the possibility to take storage in a simple framework with (µ, σ)-preferences. We theoretically establish the following results: firms of a duopoly consider the impact of their hedging choice on equilibrium and consequently are willing to take a risky position in order to mitigate the adverse effect of the hedging component on market prices. Hence, we find that the hedging component increases competition.
In the experimental part of our study, we find support of our theoretical results. Subjects refrain from completely hedging their risk, i.e. taking a full hedge. However, subjects do not consider information about the hedging decision of their competitor (which is common knowledge) in subsequent decisions. As the game is more similar to a simple repetition of the single shot game in the second setup, competition increases to a level which completely negates duopoly profits. In order to find a subgame-perfect Nash equilibrium we first have to find the Cournot-Nash equilibrium in t = 1 for all possible production and forward decisions. Then we go back to t = 0 and determine the optimal output and hedging decisions which consider the effects on the quantity sold in t = 1 as well as the subsequent hedging decision.
A.1.1 Solution to the model in t = 1
First, we determine the optimal supply in t = 1 and the roll-over hedging decision. In t = 1 all decisions from the preliminary period, the realization of the demand uncertainty of the first period, and the forward rate for the second period are common knowledge. Thus the optimization problem of firm i, i = i, j, i = j, reads:
Both,q i andȟ i 1 are fixed and cannot be adapted at this stage. Also, the forward market price for the first period is agreed on and not subject to change. The first order conditions are
Subtracting these yields Equation (2).
Solving Equation (2) for s i yields firm i's reaction function for a given sales decision of the competitor, s j ,
The reaction functions possess a negative slope, which is smaller than one according to amount. It
. Thus the amounts sold are strategic substitutes. The Nash equilibrium can be 31 calculated by solving the system of equations for i = i, j, i = j, 
Hedging decision in t = 1
Definition 6. The forward market is called unbiased, if at a given industrial production Q the forward price equals the expected spot price.
If the forward price is smaller than the expected spot price, the forward market is referred to as to be in backwardation. The risk premium is positive.
If the forward price is greater than the expected spot price, the forward market is referred to as to be in contango. In this case, the risk premium is negative. 14 The optimal hedging position in t = 1 is given by
Comparative statics After solving the second phase of the interaction some analyzes of sensitivity are carried out. The most important question to answer is how the quantity offered by one 14 See, e.g., Hull (2012) . Several studies analyze forward markets to determine the state of the forward market. For example, Lautier and Raynaud (2011) or Roethig (2008) consider several forward markets and find that the state of the forward market depends on the underlying. The authors find that some commodity markets always experience backwardation while others experience contango. Hence, there is no clear empirical evidence as to whether forward markets are biased or unbiased.
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firm reacts towards an increase of production, either by the firm itself or by the competitor. Thus we deduce the derivatives
and
Both reaction functions are characterized by a positive slope. However, the slope is smaller than 1 and 1 2 , respectively. Moreover, the slope only depends on the time preferences of the decision maker. As the production increases, the amount offered on the spot market in t = 1 increases as well, but to a smaller extend. This is expected, as the firms have to distribute their production over two periods. Additionally, we can conclude that the offered spot quantity increases more when the own production rises than it does when the competitor's production increases. The factor 1 2 from Equation (12) is well known from the standard Cournot model.
The shifts of the reaction functions tend to result in a bigger supply by both firms. However, subject to the decision makers' time preferences there are some exceptions, in which the firm offers less on the spot market even though its reaction function was pushed outwards. This is the case if the reaction function of the competitor experiences an even stronger shift. Hence, the equilibrium is subject to the relation between time preferences of the decision makers. We have
.
As already pointed out, the forward market position strategically influences the supply of the duopolists on the spot market in t = 1. This is due to the impact of the forward market decision on the reaction functions of the decision makers. The quantity of the effect is determined by the derivatives
Note that even though the reaction function is not modified with respect to the hedging decision of the competitor, the equilibrium outcome is still affected as shown above.
For the optimal forward decisions, the following holds:
The adjustment of the forward position is perfectly correlated with the increase in production.
However, an increase in production by the competitor does not have direct implications on the optimal hedging position.
Apart from the selected output other parameters influence the offered quantity in the first interaction. Obviously, a higher realized demand and rising storage costs lead to an increase of the offer.
It is
The effects of a change in temporal preferences of the investors cannot be determined clearly. The effects depend on the selected outputs, the quantity offered by the competitor and some fixed model parameters such as temporal preferences or storage costs.
A.1.2 Solution to the model in t = 0
Subject to the solution from t = 1, that is the optimal expected amount sold and the forward position for the second period, we are now able to determine the subgame-perfect equilibrium. Note, that random variables which are realized in t = 1 are still stochastic at time t = 0. Hence, in the following,ε 1 andM f 2 are stochastic. In t = 0 the firms maximize the preference function
Note, that in t = 0 both, the forward price and the expected spot market price are equally sensitive to changes in production and expected supply. This allows us some simplifications with respect to the forward market price. Thus, the first order conditions are
The first order conditions take ∂ĥ j 2 ∂q i = 0 into account. Moreover,
highlight the strategic impact of the risk management decisions. Finally,
Similarly to the approach from Section A.1.1 we can specify the reaction functions of firm i and determine its production and hedging decisions for a given output and risk management position of the competitor j, Rq i (q j , h j 1 ) and Rh i 1 (q j , h j 1 ). To do so, we have to solve Equations (15) and (16) for q i and h i 1 , respectively (∀ i = i, j, i = j). Furthermore, we can determine the Nash equilibrium by solving the set of equations of necessary conditions.
A.2 Solution to the model with adjustable production decisions
Following the concept of a subgame-perfect Nash equilibrium by Selten (1965) , we first determine the equilibrium in t = 1 for every possible outcome of the interaction in t = 0.
A.2.1 Solution to the model in t = 1
The optimization problem of decision maker i in t = 1 reads
q i 1 ,q j 1 as well asȟ i 1 andȟ j 1 are fixed and the realization of the demand in t = 1 is known. Similar to Section 2, the decision variables q i 2 , h i 2 and s i are functions of the decision variables of the previous period of both players. For example, we have
The optimum can be found by solving for the first order conditions:
Note, that the optimal sales decision in t = 1 can change with respect to demand realizations.
The representation of Equation (24) allows us to easily distinguish between the relevant cases. For
the decision makers chooses to produce more than he intends to sell in t = 1. In other words, the expected amount of sales in t = 1,ŝ i * , is corrected with regard to the cost factors, the degree of risk aversion and the amount of the risky position, measured with the variance. In this case, the firm makes strategic use of its storage opportunity to reduce costs.
However, if firms are not exposed to a significant increase in production costs or an increase in production costs together with very low storage costs, the decision maker produces just as much as he wants to sell; that is q i * 1 =ŝ i . In this case, firms do not choose to produce a surplus to be able to react to unexpectedly high demand realizations (that is, if production costs are approximately stable over time).
B Experiment Instructions: Treatment A
Within the experiments, you will take the role of the manager of a producing firm. Your firm is one of two firms in a market. Your compensation for participating in the experiments will depend on the profits you generate with your firm. The price is determined following a linear demand function:
spot market price = uncertain total demand − industry supply.
The industry supply is the sum of your supply and the supply of your competitor.
To deal with the uncertainty, you are able to engage in risk management and trade the product on a forward market. The forward price is subject to expected demand and supply, that is, the forward market price depends on the production and hedging choice of you and your competitor. You can see the forward market price determined by your choices using the calculator tool.
forward market price = expected total demand − expected industry supply. The profits of your firm are given according to profit period 1 = spot market price 1 · supply 1 − production costs + profits or losses from hedging decision 1 − storage costs and profit period 2 = spot market price 2 · supply 2 + profits or losses from hedging decision 2 .
and will simply be added after the experiment.
Production costs equal 1 per unit and storage costs equal 0.25 per unit.
Profits / losses from the hedging decision are given by profits or losses from hedging decision = hedging amount · (forward price − spot price).
The experiment will run for 20 rounds (each round consisting of Stage 0, Stage 1, and Stage 2).
In each round, you will be randomly and anonymously rematched with another participant in the experiment. At the end of the experiment, 2 of the 20 rounds will be randomly selected for payment.
You will be paid only for the 2 randomly selected rounds, and not for the other 18 rounds that are not randomly selected for payment.
C Experiment Instructions: Treatment B
Within the experiments, you will take the role of the manager of a producing firm. Your firm is one of two firms in a market. Your compensation for participating in the experiments will depend on the profits you generate with your firm. Overall demand is uncertain: At the first point in time you will either face high (60) or low demand (40) . Similarly, at the second point in time, demand will either increase or decrease (with the same probability) according to the following graph. The price is determined following a linear demand function:
To deal with the uncertainty, you are able to engage in risk management and trade the product on a forward market. The forward price is subject to expected demand and supply, that is, the forward 42 market price depends on the production and hedging choice of you and your competitor. You can see the forward market price determined by your choices using the calculator tool.
forward market price = expected total demand − expected industry supply. Figure A .2: Timing of decision making with adjustable production decisions Figure C shows the timing of your decisions and the decision problem. You have five decision variables, two for the first period, and three for the second period. For the first period you decide on the amount of (initial) production, and how much of your (intended) first period sales you want hedge on the forward market. For the second period you decide on the amount of your initial production you want to sell immediately (the rest of the production will be sold at the end of time), how much you want to produce to sell at the end of time, and how much of your sales at the end of time you want to hedge on the forward market.
The profits of your firm are given according to profit period 1 = spot market price 1 · supply 1 − production costs 1 + profits / losses from hedging decision 1 − storage costs and 43 profit period 2 = spot market price 2 · supply 2 − production costs 2 + profits / losses from hedging decision 2 .
Profits / losses from the hedging decision are given by profits / losses from hedging decision = hedging amount · (forward price − spot price).
You will be paid only for the 2 randomly selected rounds, and not for the other 18 rounds that are not randomly selected for payment. 
D Experiment Screenshots

